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(Received 9 March 2011; final version received 23 January 2012)

This work has been devoted to a numerical and analytical calculus of the voltage breakdown in electrical
discharge for several rare gases such as argon, krypton, neon, xenon and helium. It was performed using
a fluid model 2D, which is based on the numerical solution of the two Boltzmann equations (equation of
continuity and momentum), coupled to Poisson’s equation to measure the breakdown voltage according
to the product of the electrode spacing and the pressure. This study allowed a better comprehension of the
physical phenomena occurring in the discharges. We, thus, developed a calculation, based on the empirically
Paschen’s law, allowing the determination of the breakdown voltage, which describes the transition from
insulating gas to the conductive state. Paschen’s curves of the different gases are plotted and a comparison
between numerical and experimental as well as analytical results is also presented and analyzed.
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1. Introduction

Gas breakdown is the process that occurs when an electrically neutral gas absorbs enough energy
for it to become ionized and electrically conducting. In laboratory plasmas, this is usually achieved
by placing a large voltage across two electrodes: the applied electric field accelerates stray charges
and begins the breakdown process (/). Plasma breakdown, also referred to as plasma ignition, is
an important fundamental process in plasma science and has a long history of study. It started in
the late nineteenth century, Paschen (2) was the first scientist to study the electric breakdown
of dielectric gases between metallic electrodes, and then formulated the so-called Paschen’s
law which has been so effective in the prediction of electrical breakdown of gases. Recently,
the breakdown physic has known more interest (3-5), because many plasma applications are
influenced by this process, and its understanding is very necessary for the development of these
devices and particularly for the optimization of the energy used. Such applications are diverse,
including cleaning of exhaust gases (6), ignition of light sources (7, 8) and material processing
using pulsed plasma sources (9, 10). Although the breakdown theories are appropriate for many
developed situations (/ /) known, some physics and kinetics aspects are poorly understood. For the
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more complicated discharge systems used in many applications, it is very difficult to predict the
general features such as the timing of the breakdown and the necessary voltage. For this reasons,
several numerical and theoretical (/2—/4) works are developed to understand the breakdown
mechanism. The main aim of this work is to calculate the breakdown voltage in electrical discharge,
using a rare gas and to understand how the discharge geometry and other parameters affect these
processes. The simulation code used in this work is the matrix AC-PDP (two-dimensional) (/5);
the breakdown voltage as a function of the p.d (pressure times electrode distance) product are
calculated. This Paschen’s curve represents a balance between the number of electrons lost by
diffusion and drift in the inter-electrode gap and the number of secondary electrons generated at
the cathode (16).

The 2D fluid and analytic model used in this study are described in Sections 2 and 3, respectively.
In Section 4 are discussed the results obtained from the two models. Concluding remarks are
presented in Section 5.

2. 2D fluid model

In this work, a fluid model in two dimensions was used (/5). The model is based on solving the
first two moments of the Boltzmann equation and the Poisson equation using the finite difference
scheme (17, 18). The two Boltzmann equations (equation of continuity and momentum) and
Poisson’s equation are represented by

Onep

ot + Vinepvep = Seps (1)
NepVep = aNepliepE — V.(Depitep), )
- e
Ve E=—mp—ne), 3)

&0

where n is the density of charged particles (e for electrons, p for positive ions or negative). S
is the source term of the equation of continuity, he reports the creation (ionization) and losses
(attachments, recombination) of charged particles, v, , represents the average speed, E the electric
field, uep is always positive corresponding to the mobility of electrons and ions, D, is the
diffusion coefficient, and ¢, and g are the dielectric and vacuum permittivity, respectively.

The breakdown is said to occur when the maximum total ion density reaches a given value
within a given time interval. The result will obviously depend on the initial electron and ion
density (supposed to be uniform in the gap). The initial density is equal to 10*cm™> and the
maximum total ion density at breakdown is 10'' cm™3. The design of the 2D discharge cell is
shown in Figure 1. The dielectric covering of the electrodes has a relative permittivity of 10.
These electrodes are separated by a distance of 0.05 cm. This space is filled by various different
rare gases.

3. Analytical model

The analytical model (/9) based on the Paschen’s laws is developed for the obtaining of the
breakdown voltage curve, which represents a balance between the number of electrons lost by
diffusion and drift in the inter-electrode gap and the number of secondary electrons generated
at the cathode (20). Over a large range of pressures and electrodes separation, the probability
of ionization per electron—neutral collision in the gas and the probability of the production of
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Figure 1. The geometry of the discharge cell.

secondary electrons by ion bombardment of the cathode are proportional to the reduced field (21)
and lead to the well-established pd similarity law.

Indeed, the Paschen’s law, which represents the breakdown voltage of a gas in the homogeneous
field, induces the verification of the self-sustained condition (Equation (4)). It should be noted
that the existence of breakdown voltage depends on a critical number of electron multiplications
throughout the ionization process induced by collisions between electrons and gas molecules in
the inter-electrode distance (22, 23).

1
M =exp(ad) =1+ —, “)
14

where M is the multiplication factor, y is the secondary electron emission at the cathode and « is
the first Townsend coefficient indicated by the Equation (5) (24, 25).

% — Dy exp [—Dz (’E—’)O'S] , (5)

where « is the number of ionizing collisions per unit length, E the electric field, (D; and D)
are positive constants, dependent on the gas composition. It can be deduced by experimental
measurements (26) or by numerical and analytical calculations (27-30).

The expression of the electric field is

Ey, = 7 ©6)
In plane geometry, the breakdown voltage V}, is given by Equation (7) (37-33).
dD3
o= [
(In(M/D\pd))

This equation represents the general formula of the breakdown voltage of pure gases. It seems that
the breakdown voltage will be proportional to p.d. This is equivalent to the breakdown condition
being a constant value of E,/p for a given gas, and is consistent with £/p being a measure of
the average energy gain of an electron between collisions. For this case, electrons make many
collisions, and therefore the breakdown condition is equivalent to a constant value of the energy
gained by an electron between collisions. This means that the electric field must scale linearly with
the pressure, or Vy is linear in p.d. At very small values of p.d, there are very few collisions, and
therefore, V, the breakdown voltage rises to increase the probability of breakdown per collision.
The minimum breakdown voltage is called the Paschen’s minimum.
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4. Results and discussion

Our stated goal in this paper is to compare the different Paschen’s curves obtained for xenon, neon,
argon krypton and helium by resolving the fluid model and the analytical model described in the
previous section. In Figure 2, we have shown the calculated results of the breakdown voltage in
xenon compared to those obtained by experiment resuls (34, 35). It seems that the breakdown
voltage increases linearly with the p.d product and the xenon plasma exhibits a maximum break-
down voltage when this product is equal to 10 Torr cm. We observe a good agreement between
the numerical and the experiment results as well as with the analytical model results when the
multiplication factor M is equal to 10* and 10*.

The results displayed in Figure 3 have been obtained in neon. We see from this figure that the
minimum value of the breakdown voltage is in the order of 150V when the product p.d is equal
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Figure 2. Breakdown voltage in xenon as a function of the product (p.d). Line presents fluid calculation 2D, theoretical
results are given by solid symbols, while the results of measurements taken from (34, 35) are shown by open symbols.
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Figure 3. Dependence of the breakdown voltage on the pressure—gap spacing product in neon. Solid symbols correspond
to the analytic result which are obtained by the resolution of the self-sustained equation, the simulation results are obtained
by line and open symbols corresponding to the results of experimental measurements (34, 35).
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to 2 Torr cm. Nevertheless, it should be pointed out that the Paschen’s curves obtained have the
same behavior with adjustments of increase and reduction in the breakdown voltage.

Figure 4 shows the simulation results obtained in argon by using the 2D code and the analytical
model (solid symbols) are compared with the experimental data (open symbols) taken from (34,
35). In Figure 5 the plots of simulation and analytical results are illustrated and compared to those
reported in (34, 35) for krypton. The simulation results were obtained, including the emission
effect and show relatively good agreement with the available experimental results. Differences
that can be observed between simulation and experimental results could be explained by the fact

—— Simulation results at y=0,9.10"2
—e— Analytic results at M=10 Ar pur
—a— Analytic results at M=102
—— Analytic results at M=103
—o— Experimental data from Ref [34]
——— Experimental data from Ref [35]
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Breakdown Voltage (Volt)

0 . 5 . 10
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Figure 4. Comparison of the breakdown voltage according to the product p.d, between the analytical model and the
fluid model for argon, the curves with solid symbol were calculated by solving condition of self-sustaining for different
electronic multiplication, they are analytical calculations, and the curve without symbols corresponds to the numerical
results which are calculated by the model 2D, and the two other curves represented by open symbols (circle and square)
are calculated by measurements of the experiment (34, 35), respectively.

810 |—— Simulation results at y=9.10
—e— Analytic results at M=10?

—a— Analytic results at M=103

—+— Analytic results at M=104

| —o— Experimental data taken Ref [34]
—c— Experimental data taken Ref [35]
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Figure 5. Breakdown voltage measurements as a function of pressure and gap spacing in pure krypton. The solid

symbols represent the analytical calculation, and the numerical results indicated by line, or the secondary electron emission
coefficient for krypton ions is set to 0.1, whereas the open symbol indicates experimental results (34, 35).
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300 |- —4A— Analytic results at M=10
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Figure 6. Plots of measured breakdown voltages versus product of the pressure and the width gap between electrodes in
helium. The triangular symbols are the analytical data measured by resolving the equation of self-sustaining for electronic
multiplication equal to 10; the square symbols are experimental data obtained (36).

that except slightly different operating conditions between the experiment and the simulation.
Since the breakdown voltage strongly depends on the electrode material and surface conditions,
the onset of them can cause disagreement between simulation and experimental results. The model
results overlap with the results of the theory for weak products p.d, and for high products the
breakdown voltage in simulation becomes very large because of electron losses by diffusion and
absorption by the cathode. Curves of the breakdown voltage obtained from the Paschen’s law for
pure helium are shown in Figure 6. The triangle symbol shows analytical results obtained at the
M = 10, while the square symbol corresponds to the results of experimental calculations (36).
One can see that the breakdown voltage cure predicted with the analytical model has the same
wave form as that found in the experimental work, and when the critical value of the electric field
is achieved, the increase of the breakdown voltage with the pressure is slower than that predicted
by Paschen’s law.

5. Conclusion

The aim of the present work is the calculus of the breakdown voltage curves for neon, xenon,
krypton, argon and helium. For this purpose, two different models were used: the analytical
model is based on the self-sustaining equation, and a 2D fluid model based on the two first moment
equations for electrons and ions transport coupled with Poisson’s equation, in the case of plan—plan
geometry. The predicted breakdown voltage curves have the same wave forms as that obtained
from several experimental works. However, recent technologies use complex geometries and
different gas mixtures need the introduction of other parameters in breakdown voltage calculation
and thereby to the improvement of the Paschen’s law.
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